Fire dynamics in a well-confined and mechanically ventilated enclosure (a configuration of interest to the nuclear industry) strongly depends on the interaction between the fuel burning rates and the intake and exhaust volume flow rates (delivered by the fans). Several experiments show that, in the under-ventilated regime, an oscillatory behaviour may be established with frequencies in the order of few mHz. This paper reports one of the first comprehensive numerical analyses performed in order to study periodic pressure and burning 1 rate instabilities for the case of a full-scale heptane pool fire, for which experimental data has not been published yet. In the numerical analysis, carried out with the Fire Dynamics Simulator (FDS), periodic pressure and burning rate instabilities were predicted with a frequency of approximately 10 mHz. The analysis shows evidence of the correlation between the variation of ventilation flow rates (due to pressure instabilities) and the burning rate oscillations. The latter oscillations are directly linked to oscillations in the fuel burning area attributed to the ventilation-controlled conditions.
Introduction
In the design of fire safety systems it is essential to provide reliable estimates of the burning rate behaviour for the prediction of the fire induced thermal environment and the subsequent tenability conditions as well as the structural response. The present work deals with pool fires in confined and mechanically ventilated rooms, a configuration particularly relevant for the nuclear industry where compartments are generally sealed from one another and connected through a ventilation network. In the event of a fire in such a configuration, significant overpressures can cause substantial changes in the nominal operating conditions leading to the loss of dynamic confinement and possibly mechanical damage of safety devices.
Several aspects of the fire dynamics (e.g., mechanisms inducing pressure peaks at ignition and extinction) for different scenarios of interest have been extensively studied both experimentally and numerically (e.g., (Prétrel et al., 2005) , , (Prétrel et al., 2012) , (Lapuerta et al., 2012) , (Bonte et al., 2013) , (Wahlqvist and van Hees, 2013) , (Pelzer and Klein-Hessling, 2013) ). However, pressure and burning rate instabilities have been only experimentally reported and analysed. These instabilities are attributed to a cyclic ventilation behaviour of the fans induced by a strong interplay between the burning rate and the room pressure. As the fire develops initially, the amount of oxygen within the room prior to ignition gets consumed. Furthermore, because of the induced pressure build-up in the closed vessel (i.e., the room) due to gas expansion, the volume flow rate of fresh air delivered by the fan at the inlet duct decreases. Therefore, the oxygen concentration feeding the In the present work, a similar experiment of a 0.4 m 2 heptane fire is considered (without displaying the experimental results that are not available at present). Then, the outcome of a blind simulation performed using the Fire Dynamics Simulator (FDS 6) (McGrattan et al., 2015) is analysed with respect to the pressure and burning rate instabilities.
Experimental set-up
The experimental fire test investigated in this study is part of several test series that have been carried out in the DIVA facility of the IRSN (Institut de Radioprotection et de Sûreté Nucléaire, France) within the framework of the PRISME and PRISME 2 projects (see details in e.g., (Lapuerta et and a weighing system device. The ignition system consists of a gas burner ignited by an electric arc and releasing a power of approximately 7.3 kW to 14.6 kW .
Wall properties
The ceiling and walls are made of 30mm-thick concrete. Thermal protection is provided by a double layer of 30 mm thick rock-wool panels placed on the ceiling and a single layer placed on the upper part of the walls (2 m height from the ceiling). The North-West corner of the room was protected from floor to ceiling because in some other tests of the VSP series the pool was placed off-centre (in the North-West corner).
Ventilation network
The ventilation system in the DIVA facility (typical of Nuclear Power Plants) is a very complex installation with extensive use of fans, valves, pipes and branches connecting the rooms (within the whole JUPITER facility). A complete cartography of measured static pressures (in more than 20 nodes) and flow rates in nominal conditions (i.e., no fire) is available in an internal report (within the PRISME 2 consortium). Regarding the fire room only, the ventilation system comprises one inlet and one exhaust lines, both situated in the upper part of the room near the ceiling. The duct area for both lines is 0.16 m 2 .
The measured initial inlet and exhaust volume flow rates before the fire are respectively 1431 m 3 /h and 1448 m 3 /h. The initial pressure is −90 P a.
Numerical modelling
The CFD package used in this study is the Fire Dynamics Simulator (FDS 6), which has been 
Gas phase combustion
The gas phase combustion reaction is specified as a single step mixing-controlled reaction expressed as:
where ν α are the stoichiometric molar fractions of each of the species α. For n-heptane (n = 7 and m = 16), the following molar fractions are calculated:
The molar fractions of CO and soot are calculated from their yields y α according to the following formula:
where W F and W α are the the molecular weights of respectively the fuel and species α.
The CO and soot yields are taken, from the measurements of Tewarson (2002) , as y CO = 0.010 and y soot = 0.037.
The mean chemical source term for the fuel is modeled based on the Eddy Dissipation
whereρ is the mean flow density, τ mix is the turbulent mixing time,Ỹ F andỸ A are the resolved mass fractions of fuel and air, and s is the mass stoichiometric coefficient for air
Pyrolysis model 3.2.1 Model description
The 1-D heat conduction equation for the temperature T of the liquid layer is expressed as:
where ρ , c and k are respectively the density, specific heat and conductivity of the liquid. All three parameters are taken here as constants. The source termq consists of the sum of chemical reactions and radiative absorption (i.e.,q =q ,chem +q ,r ).
The surface temperature of the liquid, T ,z=0 , is calculated by solving the following boundary condition:
whereq c andq r are respectively the convective and radiative fluxes at the surface.
The convective heat flux,q c , is calculated according to the following expression:
where h is the convection coefficient and T g is the gas temperature near the surface. The The radiative heat flux,q r , is calculated based on a two-flux model where the emissivity, , at the liquid surface is assumed constant.
The evaporation rate of the fuel is expressed as:
where h m is the mass transfer coefficient,p m the pressure, R the universal gas constant, and X F,g and X F, are the volume fractions of fuel vapor respectively in the grid cell adjacent to the pool surface and at the pool surface. The mass transfer number is a function of the Sherwood number, a specified length scale and a liquid-gas diffusion coefficient (see for more details). The volume fraction of the fuel vapor above the surface, X F, , is calculated using the Clausius-Clapeyron relation:
where h v and T b are respectively the heat of vaporization and boiling temperature of the liquid.
All the required thermochemical properties of heptane for the simulation presented here are listed in Table ? ?. 
Open atmosphere calculations
Prior to the confined room simulations, simulations of the 0.4 m 2 heptane pool fire were performed. The predicted steady-state burning rate has been compared to an empiricallyderived correlation (Babrauskas, 2002) :
whereṁ ∞ is the limiting burning rate, K the extinction coefficient and D the pool diameter. The values for heptane reported in (Tewarson, 2002) are:
•ṁ ∞ = 0.101 (± 0.009) kg/m 2 .s, and
which corresponds for the studied pool diameter to a burning rate oḟ
For the open atmosphere simulations the main uncertainty in the thermochemical properties lies in the emissivity at the liquid surface. A calibration of this parameter has shown that a value of ε = 0.38 is well suited for the current configuration. This approach has been reported in (Hottel, 1959) where the burning rates of liquid fuels have been explained by relating the rate of heat transfer from the fire to the pool to the rate of fuel vaporization using the emissive power of the flame as a fitting parameter. The relatively low value of the emissivity could be explained by a significant radiation blockage due to the presence of cool unburned sooty pyrolysis gases near the surface. In the current simulations, since the simple soot conversion model (where a soot yield is prescribed) most likely substantially underestimates soot concentrations within the flame, the emissivity at the liquid surface had to be lowered to overcome this modelling deficiency.
Extinction modelling
The extinction model in FDS is based on the ability (or not) of the potential combustion heat release from a local pocket of stoichiometric fuel-air-product mixture to raise the tempera- The mass fraction of the products in the reactant mixture is calculated as:
where Y p is the mass fraction of the products in the mixture at the beginning of the combustion time.
The extinction criterion is then given by:
where T is the mean cell temperature, ∆H c is the heat of combustion of the fuel and E the enthalpy.
Ventilation modelling
The basic FDS equation set assumes pressure to be composed of a background component,
, plus a perturbation,p (x, t). The former is the hydrostatic pressure. The latter is the flow-induced pressure calculated by FDS at each time step. In order to simulate a flow between two volumes at different pressures, each volume must be defined as a pressure zone having its own background pressure. In addition to that, the set-up a full HVAC system as proposed in FDS 6 requires a number of parameters such as the lengths of ducts to be defined. In the configuration considered here, setting up the full ventilation network (with more than 20 nodes and the associated pressures and volume flow rates) is a rather tedious task. Instead, it is proposed here to consider only two pressure zones: the confined room and the open atmosphere. In other words, the complete ductwork is replaced by one inlet duct and one outlet duct, where a fan is placed in each. The volume flow rate delivered by a fan is calculated according to the following equation:
whereV 0 is the volume flow rate at a static pressure equal to zero (V 0,in = 1296 m 3 /h anḋ V 0,ex = 2304 m 3 /h), ∆p the pressure difference between the fire room and the environment downstream the fan (in this case the ambient environment), ∆p max is the maximum operating pressure of the fan (∆p max,in = 450 P a and ∆p max,ex = 800 P a). It is taken by convention that a positive (resp. negative) volume flow rate corresponds to an inlet (resp. exhaust).
In addition to the fan curves, the flow resistance (or loss coefficients), K L , in each duct must be specified. It is calculated according to the following equation: where A leak is the leakage area and ρ 0 the ambient density. The leakage area in the DIVA facility has been reported to be between 2 and 8 cm 2 . A value of 2 cm 2 has been prescribed.
Meshing and cell size
A structured uniform meshing has been used with a cell size of 10 cm, yielding a total number of 240,000 cells. A simulation with a finer cell size of 5 cm has also been performed. The results, that will be discussed hereafter, show that the outcome is comparable regarding the average values as well as the oscillatory behaviour.
4 Numerical results and discussion rates. In the FFT analysis performed here 2 9 = 512 samples were used, which corresponds to a duration of almost 1230 s since the numerical time step is ∆t = 2.4 s. The four quantities, i.e.,ṁ F , ∆p,V in andV ex , can then be expressed in the form:
Prediction of the oscillatory behaviour
where f Φ is the frequency of the signal, t is the time and C is a phase shift constant (not examined in the current study). The subscript A and the overbar denote respectively the amplitude of the signal and its average value. The obtained values forΦ, Φ A , and f Φ (mHz) using a cell size of 10 cm are displayed in Table 2 . Table 2 : Numerical results in terms of: (1) average values,Φ, (2) amplitudes, Φ A , and (3) frequencies, f Φ (mHz).
The simulation results displayed in Fig. 1 and Table 2 correspond to a cell size of 10 cm.
Refining the cell size to 5 cm yields (as shown in Fig. 2 for the fuel MLR) similar average values and a good agreement with the FFT profile for 10 cm. However, it must be noted that the resolved instantaneous peak values are higher for the 10 cm simulation. For the remainder of the paper, the latter simulation is considered.
Influence of radiation and pyrolysis modelling
The predicted average fuel MLR at the steady-state oscillatory stage isṁ = 0.012 kg/s. 
This value is

Fuel burning area oscillation
It has been clearly observed in the main simulation results that when the fire reaches ventilation-controlled conditions, only a certain amount of fuel area will react with the limited amount of air supply. This is explained in (Utiskul et al., 2005) by the fact that the flame burns only on this certain area to match its needed fuel and then moves when the local fuel is exhausted. In this section, an attempt is made to analyse closely the numerical results in terms of fuel burning area oscillation and correlate this behaviour to the overall observed oscillatory behaviour.
In order to do so, the Heat Release Rate Per Unit Volume (HRRPUV) is monitored at the level of one cell above the liquid pool, i.e., z = 0.6 m. In the latter considered plane, the cells where burning is taking place are tracked by checking if the local HRRPUV is higher than a prescribed threshold taken here as 500 kW/m 3 , i.e.,q x,y,z=0.6 >q burning = 500 kW/m 3 .
The time-averaged value is taken over one time step. Each cell is then assigned the value of 1 if there is local burning and zero otherwise. Once the number of cells where burning is taking place is counted, it is multiplied by the area of each cell in order to know the total burning area. This procedure was performed manually for a limited number of time steps.
An automated procedure is possible by programming the method in the source code of FDS. A further analysis of the numerical results has shown that using the extinction model solely, without the pyrolysis model, results in a significant overestimation of the average steady-state burning rate. Furthermore, the pyrolysis and radiation models proved to be essential in the prediction of the fuel burning area oscillation, an important mechanism in underventilated pool fires. The oscillation frequency of the flame area matches well the depicted frequency for the other quantities (i.e., fuel MLR, pressure and ventilation flow rates).
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